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VYARIABLE RESOLUTION DIGITAL
CALIBRATION

FIELD OF THE INVENTION

The present invention relates generally to calibrating
analog and/or digital components and, more particularly to
calibrating an analog-to-digital converter (ADC) such as, for
example, a multi-stage or pipeline ADC.

BACKGROUND OF THE INVENTION

Electronic devices that rely on the close matching of
electronic components (e.g., resistors, capacitors, etc.) or
precision 1n one or more signals provided by an electronic
component may be vulnerable to errors caused by tolerances
inherent 1n the manufacture of the components. Calibration
1s often performed on a device to reduce or eliminate these
errors. The term “calibrate” refers generally to any modifi-
cation to a signal and/or electronic component to provide
correction and/or compensation. For example, calibration
may include adjusting one or more signals to correct for
component mismatch errors.

Analog-to-digital converters (ADC), for example, often
employ one or more sample and hold circuits that rely on
matched capacitors to accurately determine the level or
value of an analog input signal. The precision of an ADC
may depend on capacitors that exhibit essentially 1dentical
operating characteristics. However, variability 1n manufac-
turing processes of the capacitors may produce shightly
different properties and characteristics. Such 1mperfectly
matched components may provide one or more signals
having errors 1n proportion to the mismatch. Moreover,
various electronic devices may rely on precise voltages,
currents or comparisons thereof provided by electronic
components that vary with process, temperature, frequency,
power supply, etc. To achieve a desired device performance,
one or more of these errors may require correction by
calibrating one or more signals of the device.

Calibrating an electronic device may be achieved by
correcting signals generated by one or more digital or analog
components 1n the device. For example, calibration values
may be stored 1n a device and referenced during operation of
the device to correct for errors in signals provided by or
operated on by the device. A memory may be provided to
store calibration bits (also referred to as calibration coeffi-
cients) that are added, subtracted or otherwise employed to
adjust the value of one or more signals. Calibration bits may
be stored via a plurality of fuses that are selectively blown
to store, for example, a value of 0 when disconnected (i.e.,
open circuit condition) and a value of 1 when fused (i.e.,
short circuit condition). A plurality of fuses may be
employed to represent a desired number, value or code that
can be used to calibrate one or more signals of a device.
Alternatively, any other type of memory device may be used
to store calibration bits.

The greater the number of fuses arranged to store a
calibration value, or the greater the word length of a cali-
bration coeflicient stored 1 other types of memory, the more
precisely a signal may be calibrated. However, increasing,
the number of fuses (and/or increasing the size of the
memory) increases the size of the device, for example, by
increasing the die area of an integrated circuit. In addition,
the larger the memory, the more power the device consumes.
For example, each fuse requires additional power consump-
tion to test whether the fuse has been blown or not (i.e., to
test whether a respective fuse stores a 0 value or a 1 value).
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As a result, there 1s often a tradeoff between die area and
power consumption, and the resolution at which a device
may be calibrated.

SUMMARY OF THE INVENTION

One embodiment according to the present invention
includes a method of calibrating at least one signal of an
clectronic device, the method comprising acts of providing
a plurality of calibration bits, selectively assigning one of a
plurality of bit weight configurations to the plurality of
calibration bits to provide calibration information having a
selected resolution, and applying the calibration information
to the at least one signal to provide at least one calibrated
signal.

Another embodiment according to the present invention
includes an apparatus for calibrating at least one signal of an
clectronic device. The apparatus comprises at least one
register capable of storing a plurality of bits, a selection
component coupled to the register and receiving at least one
control signal, the selection component configured to assign
one of a plurality of bit weight configurations to the plurality
of bits of the at least one register based on the at least one
control signal to generate calibration mmformation from the
plurality of bits, and a correction component coupled to the
selection component to receive the calibration information,
the correction component adapted to adjust the at least one
signal based on the calibration information to provide at
least one calibrated signal.

Another embodiment according to the present invention
includes an apparatus for calibrating at least one signal of an
clectronic device. The apparatus comprises at least one
register capable of storing a plurality of calibration coefli-
cients indicating calibration information for the at least one
signal, means for selecting a resolution of the calibration
information after the electronic device has been manufac-
tured, and a correction component arranged to receive the
calibration mmformation and apply the calibration informa-
fion to the at least one signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1llustrates a conventional calibration component
for calibrating a signal of an electronic component or device;

FIGS. 1B and 1C 1llustrate bit weights assigned at design
time to the bits of the register of the calibration component;

FIG. 2A 1llustrates one embodiment according to the
present 1nvention of a calibration component having a
selection component adapted to selectively assign bait
welghts to the calibration bits of a register of the calibration
component;

FIGS. 2B and 2C illustrate exemplary bits weights that
may be assigned to the calibration bits of the register of the
calibration component 1llustrated in FIG. 2A after manufac-
ture,

FIG. 3A 1llustrates one embodiment according to the
present invention of a calibration component having a
multiplexer as a selection component;

FIG. 3B 1llustrates one embodiment of bit weight con-
figurations of the multiplexer selection component 1llus-
trated in FIG. 3A;

FIG. 4A 1llustrates another embodiment according to the
present invention of a calibration component having a
multiplexer as a selection component;

FIG. 4B 1illustrates another embodiment of bit weight
configurations of the multiplexer selection component 1llus-

trated in FIG. 4A;
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FIG. 5A 1illustrates one embodiment of an analog-to-
digital converter (ADC) having a calibration component
according to the present mvention, the calibration compo-
nent configured to calibrate one or more signals of the ADC
with at least one variable resolution calibration coefficient;

FIG. 5B 1illustrates an expanded view of several of the
stages 1n the pipeline of the multi-stage ADC 1llustrated 1n
FIG. SA;

FIG. 6 illustrates another embodiment of a multi-stage
ADC with a calibration component having a resolution
multiplexer as a selection component according to the
present mvention;

FIG. 7 illustrates an exemplary range of one of the stages
of the multi-stage pipeline of the ADC 1illustrated 1in FIG. 6;
and

FIG. 8 1illustrates another embodiment of a multi-stage
ADC with a calibration component having a resolution
multiplexer as a selection component according to the
present mvention.

DETAILED DESCRIPTION

Many digital and/or analog devices operate by generating,
responding to and/or operating on one or more signals. The
signals within a device may be digital signals, analog signals
or a combination of both. The performance of a device may
depend 1n part on the accuracy or precision of the signals
being generated, operated on or output by the device. As
discussed above, there are numerous influences that may
cffect the accuracy of a signal. For example, component
mismatch, component imprecision and/or various signal
processing imprecision may effect the accuracy of one or
more signals of an electronic device. Various calibration
techniques have been employed to correct for these errors
such that an electronic device operates with satisfactory
accuracy and precision.

Errors 1n one or more signals of a device are often
determined during part-by-part testing. For example, after an
electronic device has been manufactured, testing equipment
may be employed to determine the extent of calibration that
the device requires. This 1s often achieved by providing a
known input (e.g., one or more signals having a known
value) to the manufactured device and measuring one or
more signals generated by the device in response to the
input. The measured signals may be compared with expected
values to determine 1f and to what extent errors are present
in the device. Once device errors have been quantified, one
or more calibration values may then be determined that
generally compensate and/or correct for the errors. For
example, calibration values may be stored 1n memory and
then added to or subtracted from one or more signals during
operation of the device.

Calibration techniques may be implemented 1n either the
digital or analog domain. Calibration in the analog domain
may itself rely on component matching or precise compo-
nent operation and may not optimally reduce errors 1n the
operation of the device. Calibration in the digital domain
may not suffer from these limitations. However, calibration
in the digital domain may be vulnerable to imprecision due
to the fact that calibration values may only be represented
discretely. For example, to increase the range or resolution
of a digital signal, an increased number of bits 1s typically
required. However, increasing the number of bits stored on
a device increases the size of the component and the amount
of power consumed by the device during operation.

FIG. 1 illustrates one example of conventional device
calibration. Calibration component 100 receives an uncali-
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4

brated signal 105 as an input and provides a calibrated signal
105" as an output. Signal 105 may be any signal provided to
and/or operated on by an electronic component or device.
For example, signal 105 may be a digital signal converted
from an analog signal as part of an ADC, or signal 105 may
be an analog signal provided by an electronic component
such as an operational amplifier, variable gain amplifier,
differential amplifier, resistive ladder, capacitor array, etc.
Signal 105 may carry an error due to, for example, compo-
nent mismatch within the device. Accordingly, it may be
desirable to correct for or reduce this error so that signal 105
carries more accurate information.

Calibration component 100 includes correction compo-
nent 117 and register 120. Register 120 may be any com-
ponent capable of storing one or more bits. For example,
register 120 may be any of various memory devices capable
of storing binary values. Register 120 may be a bank of fuses
capable of being selectively blown to store a desired
arrangement of bit values. Register 120 1s typically non-
volatile to retain calibration information in the absence of
power. However, register 120 may be a volatile memory
component capable of storing calibration information during
operation that 1s received from elsewhere, for example, as
bootstrap information when the device 1s powered up.

As discussed above, the number of bits 1n register 120
may elfect the size and cost of the component. For example,
if register 120 1s a fuse bank, each fuse requires additional
space and consumes additional power. Calibration compo-
nent 100 may be only one of many calibration blocks 1 an
clectronic device adapted to compensate for errors 1n any
number of signals that may be present in the device to
achieve desired operation of the device. Accordingly, the
number of bits employed to correct any given signal 1s often
chosen 1n consideration of the relative importance of accu-
racy and/or precision of the signal compared with other
signals that may require calibration, and 1n consideration of
size and power consumption requirements of the device. As
such, signals requiring calibration may be competing for a
limited number of calibration bits.

In view of the generally limited number of calibration bits
that may be provided on a device, the range and resolution
determined by a given number of calibration bits must be
determined. For example, each bit of register 120 may be
assigned bit weights as shown 1 FIG. 1B. It 1s often
desirable to be able to correct signals 1n both a positive and
negative direction (1.e., to increase or decrease the value of
a signal). Accordingly, the value stored by register 120 may
have a twos complement representation. As such, the most
significant bit may indicate a negative weight.

In FIG. 1B, register 120 1s capable of representing two’s
complement values ranging from 7 to -8 at a resolution of
5. In FIG. 1C, register 120 1s capable or representing two’s
complement values ranging from 1 to -2 at a resolution of
4. However, the magnitude of an error 1n signal 105 may be
unknown until the electronic device has been manufactured,
making the choice of appropriate range and resolution of
register 120 difficult to choose. On the one hand, 1t 1is
desirable to calibrate signal 105 at the greatest possible
resolution, however, the register should have sufficient range
to compensate for any error that may result.

For example, assume that after the device 1s manufactured
and tested, the error 1n signal 1035 1s measured to be +1.125.
If register 120 1n FIG. 1A 1s assigned bit weights as shown
in FIG. 1B, calibration component 100 will only be capable
of providing either a calibration value of 1 or —1.5 due to its
limited resolution. In addition, the two most significant bits
will be essentially wasted. As such, the bit weights assigned
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to register 120 in FIG. 1C are more suitable since a cali-
bration component so arranged can provide a —1.125 com-
pensation that matches the measured error and provides
superior correction. The error values and bit weights used
herein are merely exemplary and are intentionally left with-
out units. It should be appreciated that the units of calibra-
tion information will depend on the type of signal being
calibrated. For example, the units of calibration information
may be 1n volts, amps, LSBs, etc.

Assume 1nstead that after the device 1s manufactured and
tested, the error 1n signal 105 i1s determined to be 6.125. It
register 120 1n FIG. 1A 1s assigned bit weights as shown 1n
FIG. 1C, calibration component 100 would have insufficient
range to adequately correct for the measured error. In
particular, at best, signal 105 would still carry an error of
4.125 even after the maximum calibration atforded by the
available range has been applied. While bit weights assigned
to register 120 as shown 1n FIG. 1B would still not achieve
perfect calibration due to its limited resolution, it could
reduce the error to 0.125. As such, the bit weights assigned
to register 120 1n FIG. 1B are more suitable 1n this situation.

However, 1t may not be known until the part has been
manufactured what the error will be. Since the bit weights
assigned to register 120 are conventionally assigned at
design time (i.e., correction component 117 i1s designed to
interpret each bit as having a particular weight), a designer
must sacrifice either range or resolution to avoid adding
additional calibration bits to the device. Without the benefit
of knowing the actual magnitude of the error that will result
after manufacture, calibration may not be optimally tailored
to fit actual errors 1n the device because bit weights are fixed
before manufacture. The mniflexibility of convention calibra-
fion often results 1n a calibration component that 1s unable to
provide suflicient range or satisfactory resolution.

Applicant has recognized that flexible calibration may be
achieved by choosing the range or resolution of a calibration
component after errors have been determined, for example,
during testing of a component after manufacture. One
embodiment according to the present invention includes
providing selection circuitry capable of assigning bit
welghts to one or more registers at a time when actual errors
present 1n the device have been measured. As such, a range
and/or resolution of calibration information may be tailored
to suit the actual needs of a device.

FIG. 2 1llustrates one embodiment according to the
present mvention of a calibration component 200. Calibra-
tion component 200 includes selection component 2350
coupled to a calibration register 220. The selection compo-
nent may be capable of selecting amongst a plurality of bit
welghts to assign to the bits stored by calibration register
220. Calibration component 200 receives an input signal 2035
and provides a calibrated signal 205'. Signal 205 may be any
signal (digital or analog) for which calibration 1s desired.
Calibration component 200 also may include a correction
component 217. Correction component 217 may be coupled
to selection component 250 to receive calibration 1nforma-
tion 215. Calibration information 215 may then be applied
to signal 205 to, for example, correct, adjust or otherwise
compensate for errors carried by signal 205 to provide a
calibrated signal 205' having reduced and/or eliminated
eITOrS.

The term “calibration information” refers generally to any
information indicative of a modification to one or more
signals and/or electronic components. For example, calibra-
fion information may include a digital or analog signal
having a value that 1s to be added or subtracted to a target
signal. Calibration information may include a multiplication
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factor such as a gain to be applied to the signal. Alterna-
tively, calibration information may include a code that
carries 1nformation about how the target signal 1s to be
adjusted or corrected, such as an index 1nto a look up table
(LUT).

Selection component 250 1s adapted to adjust a range
and/or a resolution of calibration information 215. For
example, selection component 250 may be coupled to reg-
ister 220 to receive bit values stored 1n the register. Selection
component 250 may be configured to choose a bit weight for
cach bit position 1 register 220. For example, selection
component 250 may include control signal 255 to select a
desired range and/or resolution for calibration information
215.

Control signal 255 may be any signal capable of indicat-
ing how the bit values received from register 220 should be
welghted, that 1s, control signal 255 may select a bit weight
configuration for register 220. In one embodiment, control
signal 255 includes a plurality of select lines as described in
more detail in connection with FIG. 3. Selection component
250 may be any component, circuitry, logic or combination
thereof capable of selecting a bit weight configuration for
register 220, where each bit weight configuration provides a
corresponding range and resolution for calibration informa-
tion 2135.

Correction component 217 may be any component
capable of adjusting 1nput signal 205 according to calibra-
tion information 215. For example, when signal 205 1s a
digital signal, correction component 217 may be a summing
clement such as an adder that provides the sum of 1nput
signal 205 and calibration information 215. When signal 205
1s an analog signal, correction component 217 may include,
for example, a digital-to-analog converter (DAC) to convert
calibration information 215 into an analog signal before
applying the signal to calibrate signal 205. However, any
logic, circuitry or device capable of applying calibration
information to a signal may be suitable and 1s considered to
be within the scope of the invention.

Selection component 250 allows the resolution of cali-
bration information to be selected after a device or compo-
nent has been manufactured. Accordingly, the range and
resolution of the calibration component may be configured
after the errors have been quantified, by setting control
signal 255 to a value that selects a bit weight configuration
capable of correcting an error at a desired range and reso-
lution. Control signal 255 may be a set of binary states that
can be stored n a memory by, for example, selectively
blowing fuses or by storing the value in various other
nonvolatile or volatile memory.

Calibration component 200 may be configured to tailor
calibration information to actual errors measured post-pro-
duction. For example, testing of a particular device after
manufactured may indicate an error of 6.125 1n signal 2085.
To compensate appropriately for this measured error, control
signal 255 may be chosen to assign bit weights to register
220 as shown 1n FIG. 2B. Testing of another similar device
after manufacture may indicate an error of 1.125 1 signal
205. To compensate for this measured error, control signal
255 may be set such that selection component 250 assigns
bit weights to register 220 as shown in FIG. 2C. While the
devices exhibit very different error characteristics, both

devices may be adequately corrected without having to add
additional calibration bits to the device.

FIG. 3A 1illustrates one embodiment of a calibration
component according to the present invention having a
multiplexer selection component. Calibration component
300 1includes correction component 317 that receives an
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input signal 305 and applies calibration information 315
provided as a seven bit word over connections O<6>—0<0>
to form calibrated signal 305'. Multiplexer 350 1s coupled to
register 320 to receive a four bit word over connections
[<3>-I<0> provided by register 320. Select lines S deter-
mine how values at connections I will be distributed to
connections O.

Each of connections O may have a fixed bit weight due to
its connection to correction component 317. For example,
correction component 317 may be configured such that a
binary value of 1 at connection O<6> carries a calibration
welght of 4, a binary value of 1 at connection O<S> carries
a calibration weight of 2, etc. Since multiplexer component
350 may be configured to selectively pass values appearing,
at connections I to desired connections O, multiplexer 350
determines the bit weight configuration of the calibration
bits provided by register 320. Accordingly, calibration com-
ponent 300 can be configured to provide calibration infor-
mation at a plurality of ranges and resolutions.

FIG. 3B 1illustrates one embodiment 1llustrating a plurality
of bit weight configurations that can be selectively chosen
by calibration component 300. As illustrated 1n the second
column of table 350", correction component 317 interprets
O<6> (i.e., the most significant bit) as carrying a bit weight
of 4, connection O<8> as carrying a bit weight of 2, etc.
Connection O<0> (1.c., the least significant bit) carries a bit
weight of %16. In one embodiment, register 320 comprises
four fuses that may be selectively blown such that each of
connections I<3>—I<0> may be configured to carry a O (e.g.,
a blown fuse or open circuit condition) or a 1 (e.g., a
connected fuse or short circuit condition). It should be
appreciated that a blown fuse may indicate a 1 and a
connected fuse may indicate a 0.

Select lines S may be configured to control which values
stored by register 320 and appearing at connection
[<3>-I<0> are passed to which of connections O<6>—0<0>.
For example, when select lines S are both configured high
(i.e., S<0>=1 and S<1>=1) as shown in the fourth column of
table 350', multiplexer 350 passes the value at connection
[<3> to connection O<6>. As a result, the value stored at
position 321 of register 320 and provided at connection I<3>
1s assigned a bit weight of 4. Similarly, 1 select state 11,
multiplexer 350 provides the value appearing at connection
[<2> to connection O<5>, connection I<1> to connection
O<4>, and connection I<0> to connection O<3>.

In this state and bit weight configuration, calibration
component 300 selects the largest range and lowest resolu-
tion available. On the other hand, in select state 10 (i.e.,
S<0>=1 and S<1>=0), the value at [<3> is provided to O<3>
and therefore accorded a bit weight of 12 and the value of
[<0> 1s provided to O<0> for a bit weight of %1s. In select
state 10, calibration component 300 1s configured with the
smallest range and the highest resolution available. Select
states 00 and 01 may select bit weight configurations having
ranges and resolutions 1n between as shown 1n table 350’

It should be appreciated that while the bit weights are
shown as positive weights, 1n a two’s complement repre-
sentation, the most significant bit will indicate a negative
welght. In a two’s complement representation, an n-bit value
will not change when expanded to an n+1 bit value 1if the
expanded bit 1s the most significant bit and 1s given the same
value as the next most significant bit.

As shown 1n table 350, the select states configure the
multiplexer from high range/low resolution to low range/
high resolution by providing multiple connections for the
most significant bit 1 register 320. As the bit weight
configurations transition from low resolution (s=11) to high
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resolution (s=10), the value at position 321 (i.e., the value
provided over connection I<3>) is provided to an additional
one of connections O. That 1s, the value at 321 provides a
coellicient for more than one bit weight and the values at bat
positions 322, 323 and 324 are successively shifted towards
the less significant (high resolution) connections O.

It should be appreciated that one’s complement represen-
tations may be used or any other suitable representation for
providing calibration information. For example, calibration
information 355 may represent a binary code that may be
converted 1nto a calibration value by correction logic 310
before being applied to mput signal 303.

Calibration component 300 facilitates the selection of a
resolution and range of calibration information 315 1 a
post-production stage, that 1s, after the device has been
manufactured. Testing equipment may be employed that
provides one or more known input signals to be operated on
by the device. Since the values of the imput signals are
known, an 1deal and error free device would generate signals
having expected values that may be computed (e.g., signal
305 may have an expected value 1f the device were 1deal.
The testing equipment may then measure one or more
signals provided or generated by the device 1n response to
the known signals. Actual values of the measured signal may
be compared to expected values to determine errors carried
by one or more of device signals (i.¢., testing may determine
the extent to which the device operates differently from an
ideal device).

A calibration value may then be determined that compen-
sates or corrects for the error. Since calibration component
300 can be configured to provide calibration information at
a number of different ranges and resolutions after the device
has been manufactured, the determined calibration value can
be stored and provided without problems of insufficient
range or inadequate resolution that may occur in conven-
fional calibration where range and resolution are fixed
before manufacture. For example, select lines may be con-
figured (e.g., by selectively blowing the appropriate fuses) to
provide a bit weight configuration that provides calibration
information at an optimal range and resolution to reduce or
climinate the measured error. This procedure may be
repeated for any number of signals that may benefit from
calibration.

It should be appreciated that the invention 1s not limited
to any number of calibration bits. For example, FIG. 4A
illustrates a calibration component 400 having a 6 bat
register 420 and 9 bits of calibration information 415. Table
450' 1n FIG. 4B 1illustrates one embodiment of how calibra-
tion component 400 may be conifigured to selectively pro-
vide a plurality of ranges and resolutions depending on the
calibration needs of signal 403. In addition, any number of
select lines may be provided to a multiplexer selection
component having any number of bit weight configurations
from which to choose.

FIG. 5A 1illustrates one embodiment of a calibration
component according to the present invention employed to
calibrate one or more signals of an analog-to-digital con-
verter (ADC). ADC 590 may be a multi-stage pipeline
converter comprising a plurality of stages 510a—510%. The
first stage receives an analog signal 585, for example, an
analog signal to be digitized.

Each stage 1n the pipeline may receive an analog input
signal and provide a digital output signal and an analog
output signal. The various digital output signals 512 pro-
vided by the stages of the pipeline together form M-bit
digital signal 505. Digital signal 505 may then be provided
to digital logic 517 for alignment and/or calibration to
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provide digital output word 505', which approximates input
analog signal 585 to the resolution and precision of the
ADC. That 1s, digital output word 505' 1s a digitized and
calibrated representation of analog input signal 5885.

Generally, the first stage (e.g., stage 510a) produces a
number of the most significant bits (e.g., the 1 most signifi-
cant bits) of digital signal 50S. For example, digital output
bits 512a provided by stage 5104 may indicate uncalibrated
coefthicients for weights 2,, ., 2,,, and 2, ., of digital signal
505. Similarly, stage 510b may provide the next 1 most
significant bits, stage 510c¢c may provide the next j most
significant bits, etc. In one embodiment, stages 510a and
510b may be 3-bit converter stages and stages 510c—-510%
may be 2-bit converter stages.

In some embodiments, the pipeline may include stages
having one or more overlap bits to compensate for gain
errors 1n the pipeline. For example, stages 510a and 5100
may be so-called 3.5 bit stages and stages 510c—510k may
be so-called 1.5 bit stages. However, the number of stages in
the pipeline and the arrangement and number of bits pro-
vided by each stage 1s not limited to any number and/or
coniliguration, and may depend on the desired speed, accu-
racy or precision of the ADC.

Each stage also provides an analog signal R,—R,,,
referred to as the residue signal, to the subsequent stage of
the pipeline. The residue represents the difference between
the analog input signal and the digital output signal. The
residue signal provided by a given stage 1s A/D converted by
the subsequent stage to produce the next most significant
bits of digital signal 505. FIG. 5B illustrates exemplary
components comprising stages 510a, 5105 and 510c of ADC
590. Stage 510a receives the analog signal to be converted
to a digital signal by the pipeline. Analog signal 585 may be
provided to an 1-bit analog-to-digital converter 566a to
provide digital output bits 512a. ADC 566a may be, for
example, a flash converter such as a 3-bit MDAC. The
digital output bits 512a are both provided to digital logic 517
as shown 1 FIG. SA, and to a digital-to-analog converter
(DAC) 568a to convert the signal back to analog form.

Digital output bits 5124 will likely represent a value
different then the value of analog signal 385, due 1n part to
quantization errors of converter 566a. Accordingly, analog
signal 569a will be indicative of the quantization errors of
the stage. This error may be indicated by forming a ditfer-
ence between the input analog signal 585 and analog signal
569a, for example, by providing the signals to summing
clement 570a. The difference signal 571a may then be
amplified, for example, by amplifier 572a to provide residue
signal R,.

The difference signal 571a may be amplified such that the
residue signal has a desired range. For example, amplifier
572a may have a gain of 2, or any other gain that achieves
a desired range for the subsequent stage. Residue R, may
then be provided as the analog mnput signal to be operated on
by the successive stage. As shown 1n stages 5105 and 510c,
this operation may be repeated at each stage 1n the pipeline,
wherein each successive stage provides a number of the next
most significant bits of the digital signal 505, and generates
a residue to be operated on by the next stage 1n the pipeline.
In this way, each stage refines the digital output and
increases the resolution of the digital signal 5035.

However, the digital outputs of the various stages 1 a
pipeline may carry errors other than quantization errors. For
example, the ADCs 1n each of the respective stages may
include capacitor mismatch errors (e.g., from capacitors
within sample and hold elements of converters 566.)
Accordingly, 1t may be desirable to calibrate the digital
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outputs provided by at least some of the stages in order to
compensate for component mismatch or other errors that
may be determined, for example, when the device 1s tested
after manufacture. Accordingly, calibration 500 may be
included to provide any number of calibration bits to adjust
the digital outputs 512 such that digital output word 505 1s
calibrated with respect to those errors.

For example, calibration 500 may include register 520
and selection component 550. Register 520 may include a
plurality of calibration bits configured to calibrate at least
one of digital output bits 512 provided by the various stages
of the pipeline. Selection component 550 may be adapted to
assign bit weights to each of the calibration bits stored in
register 520, such that the resolution of calibration 1nforma-
tion 515 provided to calibrate one or more signals of the
ADC may be selectively chosen after the ADC has been
manufactured and the actual errors present in the device
have been determined.

The accuracy and precision of a pipeline ADC may be
cifected by oflset errors, gain errors, 1ntegral non-linearity
(INL) error, and differential non-linearity (DNL) error, ther-
mal noise, etc. For example, offset errors typically relate to
a uniform DC offset of the transfer function of the ADC.
Gain errors relate to non-ideal digital code characteristics,
INL errors indicate the extent that the ADC transfer function
deviates from linear and DNL errors indicate adjacent output
irregularities. These errors and others may be corrected for
by providing appropriate calibration. According to various
aspects of the present 1nvention, the resolution and range of
calibration can be selected after the device has been mea-
sured and actual values of specific errors have been mea-
sured.

FIG. 6 illustrates one embodiment according to the

present invention of a calibration component for calibrating
a pipeline ADC 690. ADC 690 may be similar to ADC 590

illustrated 1n FIG. 5A. For example, ADC 690 may include
an n-stage pipeline that produces (after alignment) an M-bit
digital word 6035 indicative of the value of a sample of input
analog signal 685. ADC 690 may include a calibration
component 600 having a register 620, resolution multiplexer
650, correction logic 6174, and addition block 617b. Reg-
ister 620 may include any number of bits and/or may include
a plurality of registers configured to calibrate one or more
stages of the pipeline.

Each stage in the pipeline may be subdivided into a
plurality of subranges, each subrange having an associated
value. This value 1s often referred to as a digital code, or
simply a code. When the value or level of the analog 1nput
signal to a stage (e.g., the value of the analog signal at the
time when the analog signal is sampled) falls within a
particular subrange, the associated code 1s provided as the
digital output signal for the respective stage (e.g., provided
as digital output bits 612). FIGS. 7A and 7B illustrate
exemplary codes for subranges of one stage (e.g., stage
610a) of a pipeline and associated calibration bits for each
subrange, respectively.

FIG. 7A illustrates a range 700 defining the minimum and
maximum values of an analog input signal to be digitized.
For example, range 700 may range from O to full scale (e.g.,
from a zero voltage to a maximum peak-to-peak value of a
reference voltage signal), may range from a negative to a
posifive maximum, or any sultable range that describes
values of an analog mput signal. Range 700 may include a
plurality of subranges 710—780. When an input analog signal
is sampled, its value is compared with the subranges (e.g.,
via a flash converter) and the digital code associated with the
appropriate subrange may be output as, for example, digital
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output bits 612a, 612b, etc. For example, 1f the value of a
ogrven sample of the input analog signal falls within subrange
760, the stage outputs a digital code of 101. Accordingly, in
exemplary range 700, an analog input signal 1s quantized
into 1 of 8 possible codes.

FIG. 7B 1illustrates a table 790 listing an association
between digital codes for each of the subranges and an
indication of how the subrange 1s to be calibrated. For
example, each subrange may have associated with 1t a
plurality of calibration bits, also referred to herein as a
calibration coelfficients. In the embodiment illustrated in
FIG. 7B, each subrange 1s assigned a six bit calibration
coellicient. The value of the coefficient may be determined,
for example, during post-production testing of the ADC.
Accordingly, register 620 in FIG. 6 may include 48 bits for
calibrating stage 610a of pipeline 690. It should be appre-
ciated that the arrangement illustrated 1 FIGS. 7A and 7B
are merely exemplary. The range of a stage may be divided
into any number of subranges and the digital codes may
include any number of bits. In some embodiments, one or
more stages may share overlap bits with a successive stage.
In addition, calibration coeflicients may be of any length or
one or more subranges may not have an associated calibra-
tion coelfficient.

In reference to FIG. 6, register 620 may include all of the
calibration bits to calibrate the digital signal 6035 provided by
the pipeline. For example, register 620 may include calibra-
tion coellicients for each of the one or more subranges of the
stages that are being calibrated. All of the stages need not be
calibrated. For example, the first stage typically produces the
largest errors, particularly at or near subrange boundaries,
and the subsequent stages typically produce respectively
smaller errors. Accordingly, a particular implementation
may choose to calibrate only the first stage, the first several
stages, or all of the stages 1n the pipeline, depending on the
requirements of the ADC.

As shown 1n FIGS. 7A and 7B, the width of the digital
code provided by a stage and the width of the calibration
coellficient may be different. However, 1t should be appre-
clated that each bit 1n the digital code provided by a stage has
an associlated bit weight. For example, the digital code
provided by stage 610a typically represents the three most
significant bits of digital data 635. As discussed above, it
digital data 635 has a width of 14 bits, stage one may
produce bit 14, 13 and 12 of digital data 635 having
associated bit weights of, for example, 2'°, 2" and 2™ LSB,
respectively. Similarly, an n-bit calibration coefficient has n
assoclated bit weights. For example, the calibration coefli-
cients n FIG. 7 will have 6 bit weights that may be,
according to various aspects of the present invention, chosen
once an error 1n the associated stage has been determined
and the range/resolution requirements of the error correction
have been quantified.

Some or none of the bit weights of a digital code may
overlap with bit weights of an associated calibration coet-
ficient. For example, some of the 6-bit calibration coefli-
cients 1llustrated m FIG. 7B may be assigned bit weights
2 —2° LSB. Accordingly, the digital code and the associated
calibration coefficient may be of a different resolution alto-
ogether. In conventional systems, the resolution of the cali-
bration coeflicients were chosen at design time and fixed at
the time the device was manufactured. That 1s, 1n conven-
tional systems, the value of each bit (i.e., a zero or a one) of
the calibration coeflicient could be chosen after production
(e.g., by selectively blowing fuses), but the weight assigned
to each bit could not. As discussed above, the 1nability to
precisely predict component errors before a part 1s manu-
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factured often forced designers to make choices about range
and resolution that proved to be 1sutficient or wasteful once
the device was manufactured and the actual errors measured.

In the embodiment of FIG. 6, the range and resolution of
calibration coefficients (i.c., the bit weights assigned to each
of the calibration bits) may be determined after a device has
been manufactured, for example, after component mismatch
errors of a particular device have been determined. Accord-
ingly, devices may be individually calibrated to compensate
for varying component mismatch errors that may result on a
component-by-component, part-by-part, and/or device-by-
device basis, by configuring resolution multiplexer 650
appropriately. Resolution multiplexer 650 may be config-
ured to select one of a plurality of bit weight configurations
to provide calibration of a desired resolution to one or more
signals of ADC 690. For example, control signal 655 may be
coniigured such that resolution multiplexer assigns desired
bit weights to calibration bits stored 1n register 620 as
illustrated 1n table 350" or 450'. It should be appreciated that
resolution multiplexer 650 may include a plurality of mul-
tiplexers, each of the plurality of multiplexers adapted to
control the bit weights assigned to one or more calibration
coellicients.

Correction logic 617a may be coupled to receive calibra-
tion mmformation 615 from resolution multiplexer 650 and
apply 1t to uncalibrated digital signal 6035 to form calibrated
digital output word 605'. Correction logic 617a may be
responsible for selecting and arranging calibration 1nforma-
tion from resolution multiplexer 650 so that the appropriate
calibration can be applied to the uncalibrated signal 6035.

It should be appreciated that digital data 635, 1n addition
to being uncalibrated, may be misaligned 1n time. Due to the
pipeline architecture, the first stage will provide digital
output bits 612a corresponding to a first sample of analog
input signal 685 at time to. Since stage 610b operates on the
residue R, provided by stage 6104, 1t will not provide digital
output bits 6125 corresponding to the first sample until time
t; (each increment in time t may be, for example, a clock
cycle, a half clock cycle or any number of clock cycles
suitable for sampling the analog input signal and advancing
the pipeline). Simultaneously at time t,, stage 610a provides
digital output bits 612a corresponding to a second sample of
analog mput signal 685. Accordingly, at some arbitrary time
after the pipeline has filled (e.g., at time t_, where n is the
number of stages and times thereafter), digital data 635 is
comprised of a plurality of digital output bits 612 from n
different samples of analog nput signal 685.

Digital alignment 680 may be included to align the data
such that digital signal 605 includes digital output bits 612
provided by the various stages corresponding to the same
sample. Digital alignment may include a plurality of delay
blocks, for example, a delay block for each stage in the
pipeline. Each of the delay blocks may be configured to have
a delay that depends on the position of the corresponding,
stage 1n the pipeline.

In one embodiment, digital alignment includes a plurality
of registers and timing circuitry that store digital bits 612
and selectively provide the bits according to timing signals
to provide aligned (and uncalibrated) digital signal 60S5.
Digital signal 605 may then be provided to calibration
component 600 to be adjusted according to the calibration
bits stored 1n register 620 and the bit weights assigned by
resolution multiplexer 650. That 1s, uncalibrated digital
signal 6035 1s adjusted according to calibration information
615 to provide calibrated digital output word 6035'. In one
embodiment, correction logic 617a selects and arranges
calibration information 615 and provides calibration infor-
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mation 615' to be added to uncalibrated digital signal 605 by
addition block 617b. The calibration mmformation typically
indicates a magnitude of an error to be corrected and when
applied to signal 605 provides a calibrated and digitized
output word 605'.

FIG. 8 illustrates another embodiment according to the
present invention of a calibration component 800 for cali-
brating the first stage 810a 1n a multi-stage pipeline of an
ADC §890. ADC 890 may be similar to ADC 690 described
in connection with FIG. 6. For example, stage 810a may be
subdivided into a plurality of subranges. In one embodiment,
stage 810a includes 8 subranges, ecach subrange having an
assoclated 3-bit code.

Calibration 800 1s adapted to calibrate the digital output
bits provided at least from stage 810z and may include a
plurality of registers 820a—820/, each of the registers stor-
ing calibration bits for a respective subrange of stage 810a.
Register 820a may store calibration bits for the first sub-
range, for example, subrange 710 illustrated in FIG. 7A.
Register 820b may store calibration bits for the second
subrange (e.g., subrange 720), etc. Each register may be
coupled to a respective selection component 850 (e.g., a
resolution multiplexer) adapted to assign bit weights to each
bit 1n the associated register by selectively connecting the
bits of the register to one or more of the outputs of the
selection component.

The plurality of selection components 850a—850/ provide
calibration i1nformation 815 to correction logic 817a. As
described 1n connection with FIG. 6, at each time increment,
stage 810a will produce digital output bits 812a correspond-
Ing to a successive sample of analog input signal 885. The
output bits appear as a portion of digital data 835 (e.g., the
first three most significant bits of 835). Correction logic
817a may also receive digital data 835 and, based on the
value of the portion associated with stage 810a, select the
calibration information provided by the corresponding
selection component. The selected calibration information
may be formatted or provided directly to addition block
817b to calibrate digital output word 805.

For example, at some time t, analog input signal 885 may
be sampled. At the same time, stages 8105810k operate on
analog 1nput signals corresponding to samples taken at time
t-1, t-2, t-3, etc., respectively. Accordingly, correction logic
817a receives the bits of digital data 835 corresponding to
the digital code provided at 8124, and uses this code to select
the calibration information provided by the corresponding
selection component 250.

For example, the 3-bit digital code provided at 812a may
indicate that the value of the sample at time t was 1n the third
subrange of stage 810a. Accordingly, correction logic 817a
may select calibration information provided by selection
component 850c¢ to use 1n the calibration of digital output
word 803. Correction logic 817a may also pad or otherwise
align the selected calibration information so that it can be
appropriately added to uncalibrated digital output word 803.
Accordingly, digital alienment 880 and correction logic
817a arrange and assemble the data to be calibrated and the
calibration imnformation such that addition block 8175 can
appropriately apply the calibration information to signal 805
to provide calibrated signal 805'.

It should be appreciated that any number of the stages
may be calibrated mn the manner described 1n connection
with stage 810a. For example, calibration 800 may include
a bank of registers and selection components for additional
stages for which calibration 1s desired. When multiple stages
are calibrated, correction logic 817a may be adapted to store
and sort calibration information received from the various
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selection components to account for misalignment that
results from the pipeline architecture.

In some embodiments selection components 850 may be
shared by more than one register. For example, calibration
bits corresponding to more than one subrange may be
provided to a single selection component to assign bit
welghts to calibration coeflicients. Furthermore, correction
logic 817a may be provided upstream from the selection
components. For example, correction logic 8174 may
receive digital data 835 and depending on the digital codes
included 1n the signal, may select or enable only certain
outputs from the plurality of selection components. There
are numerous other variations that will occur to one skilled
in the art. However, any component or arrangement of
components capable of selecting and arranging the appro-
priate calibration information so that 1t can be used to adjust
one or more signals 1s considered to be within the scope of
the present invention.

Accordingly, various aspects of the present invention
provide calibration that can be configured to have one of a
number of ranges and resolutions after a device has been
measured and the actual errors 1n the device have been
measured. It should be appreciated that various aspects of
the present 1invention may be may be used alone, 1n com-
bination, or 1n a variety of arrangements not specifically
discussed 1n the embodiments described 1n the foregoing and
1s therefore not limited 1n 1ts application to the details and
arrangement of components set forth i1n the foregoing
description or 1llustrated in the drawings.

The 1nvention 1s capable of other embodiments and of
being practiced or of being carried out in various ways. In
particular, various aspects of the present invention may be
practiced with any number of electronic devices to calibrate
for any number of different errors that may arise 1n those
device implementations and arrangements.

In addition, various aspects of the invention described 1n
onc embodiment may be used 1n combination with other
embodiments and 1s not limited by the arrangements and
combinations of features specifically described herein. Vari-
ous alterations, modifications, and improvements will
readily occur to those skilled 1n the art. Such alterations,
modifications, and 1improvements are 1ntended to be part of
this disclosure, and are intended to be within the spirit and
scope of the invention. Accordingly, the foregoing descrip-
tion and drawings are by way of example only.

Also, the phraseology and terminology used herein 1s for
the purpose of description and should not be regarded as
limiting. The use of “including,” “comprising,” or “having,”
“containing”’, “involving”, and variations thercof herein, 1s
meant to encompass the items listed thereafter and equiva-
lents thereof as well as additional items.

What 1s claimed 1s:

1. A method of calibrating at least one signal of an
clectronic device, the method comprising acts of:
providing a plurality of calibration bits arranged such that
cach of the plurality of calibration bits 1s capable of
being assigned a bit weight selected from a respective
plurality of possible bit weights;
selectively assigning a selected bit weight to at least one
of the plurality of calibration bits, the selected bit
welght chosen to provide calibration information hav-
ing a selected resolution and/or range; and
applying the calibration information to the at least one
signal to provide at least one calibrated signal.
2. The method of claim 1, wherein the act of selectively
assigning the selected bit weight includes an act of selec-
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tively assigning a selected bit weight to each of the plurality
of calibration bits, respectively.

3. The method of claim 2, wherein the act of selectively
assigning the selected bit weights includes an act of selec-
fively assigning one of a plurality of bit weight configura-
tions to the plurality of calibration bats.

4. The method of claim 1, wherein the act of providing a
plurality of calibration bits includes an act of storing at least
one value 1n a memory.

5. The method of claim 4, wherein the act of providing a
plurality of calibration bits mcludes an act of selectively
blowing a plurality of fuses, each fuse providing a respective
one of the plurality of calibration bits.

6. The method of claim 3, wherein the act of selectively
assigning the one of the plurality of bit weight configura-
tions 1ncludes an act of providing a control signal having a
plurality of states, each state corresponding to one of the
plurality of bit weight configurations capable of being
assigned to the plurality of calibration bits.

7. The method of claim 3, wherein the electronic device
is an analog to digital converter (ADC) adapted to convert
an analog signal to a digital signal, and wherein the at least
one signal 1s the digital signal provided by the ADC, the
method further comprising acts of:

providing, as the analog signal, at least one 1nput signal

with a known value to the ADC;
measuring actual values of the at least one signal in
response to the at least one mput signal; and

comparing the actual values to expected values of the at
least one signal to determine at least one calibration
value indicative of an error of the ADC.

8. The method of claim 7, wherein the act of selectively
assigning one of a plurality of bit weight configurations
includes an act of selectively assigning a bit weight con-
figuration from the plurality of bit weight configurations that
provides a range and/or resolution that best compensates for
the at least one calibration value.

9. A apparatus for calibrating at least one signal of an
clectronic device, the apparatus comprising;:

at least one register capable of storing a plurality of baits;

a selection component coupled to the at least one register

and receiving at least one control signal, the selection
component configured to assign one of a plurality of bit
welghts to at least one of the plurality of bits of the at
least one register to provide calibration information at
a selected resolution and/or range indicated by the at
least one control signal; and

a correction component coupled to the selection compo-

nent to receive the calibration information, the correc-
tion component adapted to adjust the at least one signal
based on the calibration information to provide at least
one calibrated signal.

10. The apparatus of claim 9, wherein the at least one
selection component 1s configured to assign one of a plu-
rality of bit weight configurations to the plurality of bits of
the at least one register.

11. The apparatus of claim 10, wherein the selection
component includes a multiplexer having a plurality of
inputs to receive the plurality of bits and a plurality of
outputs, each of the plurality of outputs having an associated
bit weight, the multiplexer configured to pass values at the
plurality of inputs to the plurality of outputs according to the
at least one control signal.

12. The apparatus of claim 11, wherein the plurality of
outputs are coupled to the correction component.

13. The apparatus of claim 10, wherein the control signal
includes a plurality of select bits having a plurality of states,

10

15

20

25

30

35

40

45

50

55

60

65

16

cach of the plurality of states corresponding to one of the
plurality of bit weight configurations.

14. The apparatus of claim 10, wherein each of the
plurality of inputs may be connected to more than one of the
plurality of outputs by the multiplexer.

15. The apparatus of claim 9, wherein the correction
component includes a summing element that provides at
least one of a sum or a difference between the at least one
signal and the calibration information.

16. The apparatus of claiam 9, wherein the electronic
device includes an analog-to-digital converter (ADC) com-
prising:

at least one stage to receive an analog signal and provide

a digital signal indicative of the analog signal.

17. The apparatus of claam 16, wherein the at least one
signal includes the digital signal.

18. The apparatus of claim 17, wherein for each sample of
the analog signal the digital signal indicates one of a
plurality of digital codes, each of the plurality of digital
codes associated with one of a plurality of subranges such
that the digital code provided by the at least one stage
indicates a quantized value of the sample of the analog
signal.

19. The apparatus of claim 18, wherein some of the
plurality of bits of the at least one register calibrate at least
one digital code of the at least one stage.

20. The apparatus of claim 19, wherein the at least one
register includes a plurality of registers, each of the plurality
of the registers configured to calibrate one of the plurality of
digital codes.

21. The apparatus of claim 16, wherein the at least one
stage 1ncludes a plurality of stages, each of the plurality of
stages receiving an analog input signal and providing a
digital output signal that indicates one of a plurality of
digital indicating to which subrange a sample of the analog
mput signal belongs and wherein the at least one register
includes at least one register to calibrate at least one digital
code provided by each of the plurality of stages.

22. An apparatus for calibrating at least one signal of an
clectronic device, the apparatus comprising:

at least one register capable of storing a plurality of

calibration coetlicients, each of the plurality of calibra-
tion coetlicients capable of being assigned a bit weight
selected from a respective plurality of possible bit
weilghts, the calibration coeflicients indicating calibra-
tion 1nformation for the at least one signal;

means for selectively assigning a selected bit weight to at

least one of the plurality of calibration coeflicients to
select a range and/or a resolution of the calibration
information after the electronic device has been manu-
factured;

and a correction component arranged to receive the cali-

bration mnformation and apply the calibration informa-
tion to the at least one signal.

23. The apparatus of claim 22, wherein the means for
selectively assigning the selected bit weight mncludes means
for assigning one of a plurality of bit weight configurations
to the at least one register after the device has been manu-
factured to set the resolution of the calibration information.

24. The apparatus of claim 23, wherein the means for
selectively assigning one of the plurality of bit weight
coniligurations includes a multiplexer having a plurality of
mputs to receive the plurality of bits and a plurality of
outputs, each of the plurality of outputs having an associated
bit weight, the multiplexer configured to pass values at the
plurality of inputs to the plurality of outputs according to the
at least one control signal.
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25. The apparatus of claim 24, wherein the plurality of
outputs are coupled to the correction component.

26. The apparatus of claim 24, wherein the multiplexer
includes a plurality of select bits having a plurality of states,
cach of the plurality of states corresponding to one of a
plurality of bit weight configurations capable of being
applied to the plurality of calibration coeflicients.

27. The apparatus of claim 24, wheremn each of the
plurality of inputs may be connected to more than one of the
plurality of outputs by the multiplexer.

28. The apparatus of claim 22, wherein the correction
component includes a summing element that provides at
least one of a sum or a difference between the at least one
signal and the calibration information.

29. The apparatus of claim 22, wherein the electronic
device includes an analog-to-digital converter (ADC) com-
prising:

at least one stage to receive an analog signal and provide

a digital signal indicative of the analog signal.

30. The apparatus of claim 29, wherein the at least one
signal includes the digital signal.

31. The apparatus of claim 30, wherein for each sample of
the analog signal the digital signal indicates one of a
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plurality of digital codes, each of the plurality of digital
codes associated with one of a plurality of subranges such
that the digital code provided by the at least one stage
indicates a quantized value of the sample of the analog
signal.

32. The apparatus of claim 31, wherein some of the
plurality of bits of the at least one register calibrate at least
one digital code of the at least one stage.

33. The apparatus of claim 32, wherein the at least one
register includes a plurality of registers, each of the plurality
of the registers configured to calibrate one of the plurality of
digital codes.

34. The apparatus of claim 29, wherein the at least one
stage 1ncludes a plurality of stages, each of the plurality of
stages receiving an analog input signal and providing a
digital output signal that indicates one of a plurality of
digital codes indicating to which sub-range a sample of the
analog mput signal belongs and wherein the at least one
register includes at least one register to calibrate at least one
digital code provided by each of the plurality of stages.
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